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> 3} The effect of various durations of exposure to a corresive environment on constant-
crack-width and uncracked steel fibrous concrete specimens L

4, The effect of fatigue.

Results indicate that good quality, air-entramed, uncracked steel fibrous concrete does
not experience any undesirable strength changes when subjected to a seawater environ.
ment for up to 1.5 years. Results alvo indicate that unworking cracks less than 0.01 in.
(0.25 mm) wide do not provide sufficient passageway for corrosive liquids to cause corro-
sion of the fibers bridging the crack, while fibers bridging larger cracks can be expected to
corrode. The fatigue behavior of uncracked, good quality, air-entrained steel fibrous con-
crete at 65 percent of the first cracked stress level was found to be unaffected by expo-
sure to a saltwater environment. N
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FOREWORD
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of the Chiet ot Engmeers (OCL) under Project JATO2TIDATHIL, *Design, Construction
and Operations and Mantenance Technology for Military Facilities™. Task T7. “*Matertals
Research and Development tor Military Construction™; Work Umit 803, “Corrosion Beha-
vior of Cracked Fibrous Conciete.”™ The applicable QCR 15 1.03.007. The OCH: Techmeal
Monitor was Mr. S, S. Gilespie.

Fhis study was conducted by the Construction Maternals Branch (MSC) ot the Maten-
als and Science Division (MS), U. S, Army Constructton Pagineenng Research Laboratory
(CERD). CERL personnel mvolved i this mvestigation were Mr D C Morse, Dr D :
Naus, Dr G. R, Williamson, and Messts. R Neu, R, Lampo, J. Gambill, and K. Ryan

Appreciation 1y expressed to Mi. H, Thornton and Mr. G Harns of the Waterways By
periment Station tor ther help and cooperation,
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CORROSION BEHAVIOR OF STEEL
FIBROUS CONCRETE

1 inTRODUCTION

Problem

Fibrous concrete, which is concrete with short, fine-
ly divided and randomly distributed fibers added, pro-
vides a practical method for dealing with the low ten-
sile strength and brittle nature of plain concrete. The
advantages of fibrous concrete over plain concrete are
incicised tensile strength, improved ductility, and su-
petior fatigue performance.! The extent to which these
advamages are fulfilled depends largely on the type of
fiber and the volume percentage contained in the mix.

The use of fibers to reinforce concrete is a relatively
new concept. As with almost any new concept, although
fibrous concrete provides solutions to some problems,
other complications have arisen. A1 least three charac-
teristics of fibrous concrete should be examined before
it is considered for widespread uze.

1. The ultimate strength of fibrous concrete occurs
after visible cracking has occurred. When cracking
occurs, fibers are exposed: these exposed fibers may be
attacked by corrosion, depending on the fiber and/or
crack width

2, Fibers have a large amount of surface area per
unit volume of fiber maierial. Increased surface areas
tend to accelerate corrosion rates. Although the sur-
rounding concrete is expected to provide some protec-
tion for the fibers, the adequacy of this protection is
questionable.

3. Since fibrous concrete is a compuosite, with the
reinforcement  distributed uniformly thsoughout the
material, fibers are likely to exist on or near the sur-
face. Minimum cover specitications indicate that these
fibers may he subgect to corrosion,

ft can be hypothesized that cosrosion may have an
impact un the performance of fibrous concretr, depend-
ing on the susceptibility of the particular type of fiber

G R, Williameon and B, H. Gray, Tecksical Information
Pamphilet em the Use of Fihrous Concrete, Preliminary Report
M3 ADTOINTT (U S0 Army Construction Faginecring Re-
seatcls Daborstory {CERE, May 1973,

used. The considesable success experienced with use of
steel fibers is largely due to the superior structural pro-
perties which they provide for the concrete. Although
the conditions under which stee! fibers corrode in steel
fibrous concrete ave yet to be determined, steel fibers
are unfortunately expected to be highly suceptible to
corrosion. Thus, research examining the corrosive con-
ditions which affect the performance of steel fibrous
concreie is needed.

Obijective

The purpose of this study is to determine the con-
ditions under which corrosion can affect steel fibrous
concrete in the uncracked and post-cracking stages.
This report describes the methods and results of four
experimental investigations addressing specific aspects
of corrosion behavior of fibrous concrete:

1. The behavior of cracked and uncracked metallic
and nonmetallic fibr.:us concrete subjected to a natural
wet-dry, freeze-thaw saltwater envircament (Chapter 2)

2. The effect of crack width on the corrosion of fi-
bers bridging the crack (Chapter 3)

3 The effect of vartous lurations of expuosure to a
corrosive environment on constant .rack-width and un-
cracked steel fibrous concrete specimens (Chapter 4)

4. The effect of fatigue on the corrosion behavior
of fibrous concrete (Chapter 5).

‘Tue results of these studies are discussed indepen-
dently and interdependently.

Background

An understanding of the process of steel corrof,on
n concrete 1s essential to this study. Verbeck? points
out wat the factors which induce corrosion of steel im-
bedded in concrete are the presence of oxygen, chlor-
ide 10ns, carbon dioxide. and water.,

Oxygen is necessary if steel is to corrode in the high-
pH environment nornal to concrete. Since the rate of
oxygen reduction must equal the rate of steel oxida-
tion, the avalability of oxygen can control the rate of
steel corrosion. Oxygen s available to fibrous concrete
from the air cr as a dissoived gas in liquids. The extent
to wlich oxygen reaches steel imbedded in concrete

3G;. J. Verbeck, “Mechanisms of Corrasion of Steel s Con-
crete,” Corrosion of Metals im Concerete, Publication SP-49
(A metican Concrete Institute [ACH, 1975), pp 21.38,




depends on the permeability of the concrete, the depth
of concrete cover, and the existence of cracks.

Although chloride ions affect tie rate of steel corro-
sion in concrete, corrosion can occur without them.
Verbeck has reported that steel subjected to a concrete
environment normally develops a protective oxide film
of which chloride ions appear to be specific and unique
destroyers. Chlorides may be available to fibrous con-
crete from such sources as deicer salts, mixing water,
and seawater exposure. and may reach imbedded steel
by permeation, spalling due to recrystallization or
freeze-thaw, or direct contact in cracked sections.

There appears to be a definite relationship between
the rate of steel corrosion, pH, and chloride ion con-
centration. According to Verbeck, the works of Shalon
and Raphael.3 and Hausmann# suggest thai there is a
threshold concentration which must be exceeded be-
fore corrosion occurs. An increase in chloride ion con.
centration beyond this threshold concentration results
in an increused rate of corrosion up to some limit. At
this limit, the availability of oxygen necessary for cor-
rosion to occur may be significantly reduced. Ermpiri-
cal data from prior research indicate that a chloride:hy-
droxyl ion molar activity ratio of approximately 0.6 in
sclution at the iron-paste interface is a probable thresh-
old value.5 At a pH less than 11.5, corrosion may oc-
cur without chlorides. At a pH greater than 11.5, a
measurable amount of chloride is required: that a-
mount ncreases as the pH of the ironliquid interface
increases.6

Because of the presence of calcium hydroxide, con-
crete normally provides an alkaline environment. This
environment may be destroyed by coitinuous rinsing
or leaching, electrochemical reactions involving chlor-
ide ions in the presence of oxygen, or carbonation. Car-
bonation is a somewhat slow process involviag the re-
action of carbon dioxide with calcium hydroxide.” The

3R, Shalon and M. Raphacl. “Influeace of Sca Water on
Corrosion of Reinforcement,” ACT Journal, Procecdings, Vol
SS.No, 12 June 19589, pp 12511268,

410, A, Hausmann, “Steel Corrosion in Concrete,” Materi
als Protection (November 1967y, pp 19-22,

S, Frim and G, J. Verbeck, "Corroson of Metals in Con-
ceete Needed Rewarch,” Corroston of Metals i Conerete,
Publication SP49 1ACT, 19753, pp 3946,

Skehin and Verbeck.,

1. Bicrok, Concrete Corrosion and Concrete Protection
(Chemical Publishung Co.. 1967).

concrete structure deteriorates, and its alkalinity is
neutralized. Carbon dioxide is abundant in the atmos-
phere and may also be found as a dissolved gas in lig-
uids.

Corrosion of steel will not occur without water. Not
only does water take part in the chemical reaction
which changes iron to rust, it also provides a medium
in which corrosion-producing factors can move. For ex-
ample, water can carry dissolved oxygen, chlorides and
carbon dioxide to steel imbedded in concrete. The ex-
tent to which the steel is exposed to these corrosion
producers depends on the permeability of the concrete,
the thickness of cover, and the existence of cracks.

Although permeability of fibrous concrete can be
controlled to a certain degree, cracks can be expected
to occur, and fibers do exist on or very near the sur-
face. Thus, it likely that corrosion may diminish the
properties which fibers provide to concrete. Before this
hypothesis can be validated, however, the corrosive
conditions which affect the performance of fibrous
concrete must be determined.

Mode of Technology Transfer

Specifications for the use of steel fibrous concrete
have yet to be incorporated into Corps of Engincers
Guide Specification CE 204. Concrete (For Building
Constructiont) and Military Construction Guide Specifi-
cation MCGS 02611, Concrete Pavement for Roads
and Airfields, The information in this report can be
used as background information for the preparation of
revision to the specifications. This information can also
be used by project designers considering use of steel 13-
brous concrete.

2 BEHAVIOR OF FIBROUS CONCRETE
SUBJECTED TO NATURAL WEATHERING

introduction

Since actual weathering conditions are ditticult to
reproduce in the labotatory, natural weathening expen.
ments are bemng conducted at Treat Island. located 1n
Cobscook Bay near Bastport. ME. This severe exposure
station, wlich is operated by the Waterways Expen-
ment Station (WES). Vicksburg, MS, provides a4 wet-
dry. freese-thaw, saltwater  environment. bxposure
specimens can be istalled at mean tde: the twice daily
tide reversals and low mir temperatures provide treeze-
thaw condiions The abgective was to conduct dura-
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bility studies at this Jocation to evaluate the per-
formance of cracked and uncracked metallic and non.
metallic fibrous concrete subjected to a wet-dry, frecse-
thaw, saltwater environment over an extended time
period.

Procedure

Five separate batches of fibsous concrete specimens
were fabricated using the same basic mix design (Table
1). According to Lankard and Walker, from whom the
mix proportions were obtained. this mix is typical of
those used for various experimental overlay projects.¥
Each of the five batches contained a different type of
fiber. Three batches contained steel fibers: 1in. X 0.010
X 0.022 in. (0.25 mm X 0.25 mm X 0.56 mm) U. S.
Steel chopped (Figure 1); 2 in. X 0.020 in. diameter
(51 mm X 0.51 mm diameter) Bekaert crimped (Figure
2): and 2.5 in. X 0.025 in. diameter (64 mm X 0.64 mm
diameter) Atlantic drawn (Figure 3). The remaining
twe batches contained nonmetallic fibers: 0.5 in. (13
mm) Kevlar (Figure 4); and 1 in. (25 mm) Fiberglas
(Figuse 5). Each batch was weighed to the nearest
0.1 ib (0.045 kg), and contained 1.5 percent by volume
of the respective fibers,

The water-cement ratio was maintained at 0.5 for
the various fibe: mixes. Addition of a water-reducing
admixture at the rate of 4 oz (118 cm?) per sack of
cement permitied use of a constant water<ement a-
tio despite the varying degrees of workability caused
by the different fiber types. Table 2 shows the differ-
ences in workability as reflected by the slump measure-
ments. along with air content determinations.

Fifteen specimens were fabricated for each batch:
nine 3.5 in. X 4.5 in. X 10 in. (89 mm X 114 mm
X 406 mm) beams and six 4 in. diameter X 8 in. (102
mm diameter X 203 mm) cylinders. The specimens
were moistcured under standard conditions in excess
ot 60 days to minimize strength gain due to concrete
cunmg once the esposure of the moist corrosive envir-
onment was begun. Atter cunng. all beams were tested
tor tundamental transverse frequency using American
Society tor Testing and Materials (ASTM) standard test
method C 21500, Three beamis and six cylinders from
cach bateh were used 10 determine flexural and com-
prewive stiengths according 10 ASTM C 39.72 and
C 7804, respectively. Six beam spscimens per batch

8D R. tankazd and A, L Walker, Pasement Applications

for Steel Fibrowss Conerete presented at the ASCE Transporta-

tion | ngincening Speanalty Conterence, Montreal, Canada, July
IR )

underwent exposure to the severe weathenng. Of these,
three were uncracked and three were cracked to differ-
ent crack upenings hairline (less than 0.01 in. [0.25
mm} ). 1716 in. (1.6 mm), and 1/8 in. (3.2 mm). Stain-
less steel and brass identitication tags were at¥ixed to
the ends of cach specimen via expandable masonry
screw anchors, The top, bottom, and sides of each
beam group were photographed. The specimens were
then packed in sawdust and toam underlay and sent to
WLS, where pulse velocity determinations were con.
ducted. The specimens were repacked and sent to Treat
Isiand, where they were installed in January 1975, The
affect of the environment on the specimens was moni-
tored using petiodic transverse frequency and pulse vel-
ocity evaluations. In July 1976, one uncrscked and all
cracked specimens from each batch were returned to
CERL for evaluaticn. Extended long-term exposure
performance data will be obtained from periodic pulse
velocity and resonant frequency determinations of the
remaining two specimens per group.

The fibrous concrete specimens’ performance after
1.5 years of exposure was evaluated by visual inspec-
tion of the outside surfaces and crack faces and flexut-
al strength determinations. The cracked and uncracked
specimens were cxamined. photographed, and tested
for flexural strength according to ASTM C 39-72. Be-
fore and after flexural test data were compared, as
were before and after visual appearances. The crack in-
terfaces were photcgraphed and examined for fiber
corrosion.

Results

Table 2 suminarizes test results for the Treat Islund
exposure specimens. it was found that the uncracked
fibrous concrete contipued to gan tlexural strength
during exposure to the moist currosive environment
due to more complete hydration. The strength increases
for the uncracked Kevlar, Fiberglas, U. S. Steel. Bekuert.
and Atlantic fibrous concrete specimens after 1.5 vears’
exposure to severe weathering were 1, 15, lo, 10, and
47 percent respectively, The longer fiber types tended
to have greater strength increases. Figures 6 through 10
show the before and after visual appearances of each
group of specimens. None of the cracked Keviar
fibrous specimens were returned m one prece. whle
two of the three cracked Fiberglas fibrous specunens
were returned n one picce. The lack of sigmificam
concrete deterioration due to severe weathenng ¢an be
attributed to the high cement factor typical of fibrous
concrete mixes as well as the use of air entramment.
The outside surfaces of the steel fibrous concrete
specimens  exhibsted brown surface stammg Jue to

L0181 S o Sttt
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Figure 1. (.S, Steel tibas.

Figure 2 Belaert tibers.
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Figure 5. Fiberglas fibers.

corrosion of fibers on or very uear the surface. Close
examination of the fracture surfaces of the tested
uncracked fibrous concrete specimens revealed no trace
of corrosion of imbedded steel. The fracture surfaces
of the specimens which were precracked to hairline
(less than 0.01 in. [0.25 mm]), 1/16 in. (1.6 mm). and
1/8 in. (3.2 mm) crack widths showed evidence of fiber
corrosion up to 1/8in. (3.2 mm), 1 in. (25 mm), and 2
in. (51 mm) from the point of maximum crack width,
respectively. Figures 11 through 15 are photographs of
the crack interfaces of each beam group.

The hairline crack width specimens were measured
for actual maximum crack width prior to flexural test-
ing. Cracks were found to be 0.005 in. (0.13 mm).
0.008 in. (0.20 mm). 0.003 m. (0.08 mm). and 0.007
m. (0.18 mm) for the Fiberglas, U, S, Steel. Bekaert.

and Atlantic specimens. respectively. No measurement
was obtained for the hairline-cracked Kevlar specimen,
since it was returned in two pieces. Some evidence of
“erack sealing”™ was found during measurement of the
hairline cracks. The crack openings were filled with
corrosive product. It is expected that for small crack
widths, steel fibers nea the concrete surface corrode,
producing a reddish brown corrosive product which
“has a volume moe than twice that of the metallic
iron from which it was formed.™¥ If the crack width is
not large less than 0.01 in. {25 mmn) enough of this
corrosive product will be available to seal the erack.
protecting underlying fibers fiom intrusion of corro-
sive substances.

96, 3 Verbeck, *Mechamsms of Corroston of Steed m Con-

crete,” Conoston of Metelsc m Concrete, Publication SP-49
(ACL 1975, pp i3




b. Alter exposure.

Figure 6. Kevlar specimens.
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b. After exposure,

Figure 7. Fiberglas specimens.




b. After exposure.

Figure 8. U. S. Steel specimens.
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Figure 9. Bekuert specimens.
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Figure 10. Atlantic specimens,




Figure 11. Kevlar specimen crack interfaces. Figure 12. Fiberglas specimen crack interfaces.
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Figure 13 U. S. Steel specumen crack interfaces. Figure 14. Bekaert specimen crack interfaces.
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Figure 15. Atlantic specimen crack interfaces,

Discussion of Resuits

The results of this investigation show that un.
cracked and hairline-cracked fibrous concrete and un.
cracked nonmetallic fibrous concrete are not signifi-
cantly affected hy 1.5 years of exposure to severe na-
tural weathering. The steel fibrous specimens pre-
cracked to 1/164n. (1.6 mm) and 1/8.n. (3.3 mm)
maximum crack openings experienced significant
crack-bridging fiber corrosion. Very little can be said
about the performance of the cracked Fiberglas and
Kevlar fibrous concrete subjected to severe weath-
ering, since these specimens exhibited low post-crack-
mg ductility, It is expected that most of the damage
to these specimens resulted from handling and ship-
ping. Although the nonmetallic fibers were expected to
he superior to the metallic fibers in corrosion resis-
tance. this potential has very little meaning, since the
nonmetallic fibrous concrete had relatively low post.
cracking strength and ductility compared to the metal.
lic fibrous concretes.

3 EFFECT OF CRACK WIDTH ON
CORROSION BEHAVIOR OF CRACKED
STEEL FIBROUS CONCRETE

Introduction
The fibers in fibrous conerete provide a considerable
amount of post-cracking ductility. Ultimate flexural

strength is attained in the post-cracking stage. Howev-
er, it is hypothesized that a crack car expose bridging
fibers to available corrosion-producing substances. It
is also expected that the extent to whici: crack-bridging
fibers are exposed depends somewhat on the crack
width and the distance of the fiber from the concrete
surface.

‘Typical fibrous concrete crack interfaces are highly
irregular because f.orous concrete is a composite-
stiong and weak particles are mixed together. Cracks
usually stert at a highly stressed weak particle and con-
tinue in a straight line until they e :ounter a strong
particle: crack direction may then ci inge, seeking the
path of weakest resistance. This change of crack direc-
tion is caused by both particle strength and orienta.
tion. The random distribution of the fibers may create
weak alleys in which the overlapping distance of adja-
cent fibers may be inadequate. The constantly chang-
ing direction of fibrous concrete cracks coupled with the
existence of sufficiently small crack widths could be a
potential crack-bridging steel-fiber-corrosion-inhibiting
mechanism for the following reasons:

1. Corroding steel produces a corrosion product
which occupies a larger volume than the steel from
which it was derived. This corrosive product, due to its
expanding nature. is foréed into the space between the
interlocked crack interfaces. This occurrence could
effectively seal in a high-pH envitonment as well as
seal out excessive amounts of oxygen, thus promoting
steel passivity,

2. The complenity and size of a steel fibrous con-
crete crack could greatly impede the flow of corrosive
substances inte and out of the cracked section. If the
flow impedance is great envugh, it could cffectively re-
duce the corrosivn 1ate 10 a near negligible value.

3. The flow impedance mentioned above could also
support a passivating cffect on the stecl. since reduc-
tion of pH in a concrete environment is primarily
caused by a large amount of nenalkaline substances
flowing through the crack and rinsing out calcium hy-
droxide. Since flow is greatly impeded, a high-pH en-
vitonment may be maintained. thus providing the
conditions under which steel passivation will occur.

As crack width inereases, the extent to which these
events oceur 1§ expected to decrease untid some maxi-
tum crack width is attained; at this width, crack-brid-
ging fibers are no longer protected. The objective
of he mvestigation deseribed in this chapter is to

3 N B b o M A

£,

il ot d 0 st V]



i i ilin,

it R

13

"

RS e

determine what the limiting crack width 1s and how it
compares with those found in steel fibrous concrete
being stressed at or near ultimate flexural stress.

Procedure

Seven 3.5 in. X 4.5in. X 16in. (89 mm X 114 mm
X 406 mm) steel fibrous concrete flexure specimens
were fabricated using the mix design shown in Table 3.
Flexural cracks were produced in six of the specimens
with a 500-kip (2.2 MN) Satec Universal Testiisg Ma-
chine. The crack width varied from about 1/16 in. (1.6
mm) at the extreme tension fiber to zero at about 5/8
in, (16 mm) from the extreme compression fiber.

The specunens were subjected to a corrosive envir-
onment consicting of alternate wetting and drying of a
3.5 percent sodium chloride solution. A flowing stream
of saltwater was directed into the cruck 8 hours per
day for 30 days. The specimens were then removed
from the environment for evaluation.

The crack width was measuied using a calibrated il
luninated surfacs microscope. Crack widths were mea-
sure:d along the depth of the beam at various distances
from the bottom of the heam. From these data, a plot
of crack width vs distance from extreme tension fiber
was developed (Figure 16). The beams were then bro-
ken into two preces to examine the crack interfaces. A
boundary line was made on the crack interface to sep-
arate corroded from noncorroded fiber arcas (Figure
17). The distance from this boundary at the center and
edges of the crach interface to the bottom of the beam

Table 3
Standard 1.5 Percent Steel Fibrous
Concrete Mix Design

Amount per
Constituent Cu Yd (per m3)
Cament, Fype | Portland 7521b (446 k)
River Sand, Specific Gravity = 2.65 1354 1b (803 k)

Pea Gravel, 3/8 in. (10 nun) maximum

Spectfic Gravity = 2.65 1354 1b (303 k)

Steed Fiber, 1in. » 0,01 in, X
0.022in. (28 mm x 0,25 x 0.5¢ mm) 20015 (119 k)

Water, w/c = 0.8 37616 (223 A
Water Reducer, Plastiment, Sika Chem. Co. 48 02 (1857 cm3)

Ane-l ntraimng Agent. Sika Chem, Co, 1262238 em®)

was measured. These data were used with the previous.
ly mentioned plot to determine the critical crack width
shown in Figure 16.

To determine the stress crack width relationship of
the 1.5 percent steel fibrous concsete, a 3.5 in. X 4.5
in. X 16 in. (89 mm X (14 mm X 406 mm) bean was
loaded in 300Ib (2225 N) increments using center
point loading. The crack width was measured at the
extreme tension fiber with the calibrated illuminated
surface microscope for each load increment,

The effect of corrosion on this particular type of
cracked steel fibrous concrete was determined using
the critical crack width data in conjunction with stress
crack width data.

Resuits

Table 4 shows the results of the critical crack width
determinatious, The average critical crack width near
the crack face edge was found to e 0.01 in. (0.25 mm).
Assuming linear crack width distribution across the
crack face, it was found that the critical crack width
near the center of the crack face was 0.015 in. (0.38
mm). Variation between edge and center determination
could be caused by either (1) the fibers near the center
of the crack face were less uccessible to the corrosive
enviromnent due to the complex nature of the fracture
surface of the steel fibrous concrete and/or (2) the as-
sumption of linear crack width distribution aczoss the
crack face was incorrect. Determining the relative sig-
nificance of these two factors is difficult. Hewever, if
fibers near the crack edge are affected by corrosion,
the subsequent strength loss increases crack widths,

Table 4
Results of Critical Crack Width Study

Specimen  Maximum Critical Crack  Critical Crack
No. Crack Width, Width Near Width i
in, (mm) Edge of Crack  Centes of Crack
Face.in. (mm)  Face, in, (mm)

! 0,058 (1.5) 010.25) 019 (48)
2 1,069 (1.8) 010 (.25) 015 4.38)
3 0.12003.0) .009(.23) 012030
4 0.063 (1.6) .009(.23) 015 (.38
5 0061 (1.5) 09923 012030
6 064001 01128 015638

Average 01025 615 .38}
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Figure 16. Typical crack width variation,

thus causing interior fibers to be corroded as well,
Thercfore, knowing the critical crack width at the
crack face edge is more important, and the 0.01 in.
(0.25 mm) value should be considered the absolute cri-
tical crack width,

Figure 18 shows the results of the stress vs. crack
width test. It is apparent from this plot that at crack
widths of 0.01 in. (0.25 mm), the 1.5 percent steel fi-
brous concrete is at a stress level of approximately S8
percent of the ultimate flexural strength, the ultimate
strength having been reached at a crack width of ap-
praximately 0.0025 in. (9.06 mm).

Discussion of Results

Results of this investigation indicate that steel fi-
brous concrete of the type used in this study can be
stressed at or near ultimate flexural strength without
Figure 17. Cotroded/moncorroded boundary line. any major theeat of widespread crack-bridging steel fi-
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Figure 18. Typical stress-crack width relationship.

ber corrosion Jdue to acconpanying hairline cracks. or progresses gradually over a long period of time. If
However, if crack widths in steel fibrous concrete ex- the corrosion process occurs siowly, some type of
ceed 0.01 in. (0.25 nim), some form of protestion cracked steel fibrous concrete corrosion mhibition pro-
should be provided to maintain integrity of the steel fi- gram may be employed to preserve the strength which
bers bridging such cracks, bridging fibers impart to cracked fibrous concrete. If
the corrosion process occurs very quickly after critical

Results also indicate that steel fibers bridging a crack width occurrence. the severely cracked section
crack and existing near the center of the crack face are should be replaced. Because of the high surface area to
less vulnerable to corrosion than those bridging fibers volume ratio of steel fibers, 1t 1s expected that the cor-
near the edge of the crack face. rosion process would occur rapidly. However, at least

two conditions could cause greatly reduced corrosion
rates: (1) reduced oxygen availability due to the inter.
locking nature of the crack interfaces, and (2) high-pH

4 CORROSION RATE OF CONSTANT- environment provided by the surrounding concrete,
CRACK-WIDTH AND UNCRACKED This high-pH environment is more difficult to rinse out
STEEL FIBROUS CONCRETE in narrow and complex cracks. thus reinforcing the

protective quality of the oxide coat described in Chap-
ter [, Experimental data which define the time rate of

introduction corrosion of steel fibers imbedded in concrete and ex-
The investiganion described in Chapter 3 indicated posed to a corrosive environment are needed.

that steel fibers wluch bridge a large crack width (great.

er than 0.01 m 025 mm}) are vulnerable to corrosive The objective of the nvestigation descnibed in this

environments, How vulnerable these fibers are must still <hapter 1s to eaperimentally deternune the tune rate ot

be determined o addinon, mdividuals responsible for corrosion of a steel fiber in a farger than ontieal crack

maintaing in service steel fibrous concrete must hnow A corrosive ensironment. and to compate this fibes

whether loss of brudging-fiber integrity vccurs quickly performance with steel fiber performance i uncracked
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steel fibrous concrete sutjected to the same corrosive

environment.

Procedure

Twenty-seven 3.5 in. X 4.5 in. X 16 in. (89 mm
X 114 mm X 406 mm) flexural specimens and six 4 in.
diameter X 8 in. (102 mm diameter X 203 mm) com-
pression specimens were fabricated of 1.5 percent steel
fibrous concrete using the mix design shown in Table
3. Of the 27 flexural specimens, 15 were unflawed con-
trol specimens and 12 were preflawed using 2 method
developed to produce a constant crack width and a
known number of fibers bridging this crack. This meth-
od provided for exact duplication of corrosion charac-
teristics among various specir.iens.

Fach flaw was located at midspan and occupied one-
half of the lateral cross-sectional area. The flaw area was
bounded by the beam bottom, sides, and mid-depth,
which is the arca expected to be under tensile stress
when an uncracked beam is supjected to a positive mo-
ment,

The flaw width used was 1716 in. (1.6 mm), since a
flaw of this size is expected to totally expose any fibers
which bridge the flaw. In addition, 1/16 in. (1.6 mm)
cracks are not uncommon in severely cracked, shear-re-
sistant steel fibrous concrete.

The preflawed specimens were produced using a grid
plate (Figure 19) and grid plate puller (Figure 20). Both
sides of the grid plate were covered with unidirectional-
ly nylon-reinforced tape. The tape’s reinforcement was
oriented parallel to the slots in the grid plate. The plate
was then pierced with one hundred and four 2.5 in.
X 0.025 in. diameter (64 mm X 0,64 mm diameter)

Figure 19. Gnd plate

Figure 20. Grid plate puller.

steel fibers at 0.025-in. (6.4 mm) spacings, as shown in
Figure 21. The approximate number of fibers used to
bridge the flaw was determined using Eq 1, which pro-
vides a statistical approximation of the number of uni-
directionally oriented fibers which exist in a given cross
section of the fibrous concrete.

A 41 .
sz__a__p_ [Eq 1]

where N = the number of unidirectional fibers in the
flaw

A = the area of the flaw
p = the volume ratio of steel to concrete
a = the cross-sectional area of one fiber

41 = a statistically determined orientation fac-
tor.10

For the given conditions (p equals .015), Eq 1 yiclds
a value of 99, For simplicity and symmetry. a total of
104 fibers at 0.25-in. (6.4 mm) spacings were used to
bridge the flaw.

TOR N Swamv and P S, Mangas, “A Theory for the e
ural Strength of Steel 1iber Remtorced Conerete,” Cement and
Conerete Rescerch, Vol 3 €1933) pp 313.326,
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Once the fibers were umformly distnbuted through-
out the grid plate area, the resulumg assembly was
placed m the beani mold. which was then filled with
plastic 1 S percent steel fibrous conerete. Internmittent
vibration was used to properly consolidate the concrete 3
around the grid plate assembly. After 24 hours, the 1
arid plate was removed from the specimen with the
mold mivet, as shown in Figure 22, The mold was then
removed and the resulting pretlawed steel fibrous con- .
crete specimen (Figure 23) was ready for cunng,

PRI

All specimens were cuted tor 28 days. The pre.
ilawed specimens were cured using 2 moisture barrier
techmque to prevent premature corrosion ot the brid-
uing fibers. The unflawed specimens were moist cured
under standard conditions. Compression 1ests were
Figure 21. Grid plate with tape and fibers. conducted after the curing was completed.
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Figure 22, Removal of gnd plate from specimen.
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Figure 24. Wet-dry saltwater exposure ap

The specimens were then exposed to a corrosive en-
vironment consisting of a flowing wet-dry aerated recir-
culating 3.5 percent sodium chloride aqueous solution,
The solution was directed into the flaw of each pre-
flawed specimen and over the surface of each unflawed
specimen at a rate of about 24 vz (766 cm?3) per mm-
ute per specimen. The wet-dry cycle consisted of 8
houss wet and 16 hous dry every operational day, Fig-
ure 24 shovs the exposure apparatus. The corrosive so-
Innon was pertodically montored for chlonde concen-
tation, oxygen concentration, ph, and temperature,
Due 1o water losses trom evaporation, pentodically
whdie water o the mam reservorr wis necessary to
antintan the 3.5 pereent salt concentration,

Sty of one pretlawed and one unflawed speaimen
A ometed flom the contosive envitonment at dif-
fonont eaprosare tnes for evaluation of the extent of

aratus.

corrosion. Both specimen types were tested for third
point foading flexural strength using standard test
method ASTM C39-72,

Examination of crack interfaces and chloride perme-
ability investigations were also performed. Preflawed
specimen crack or flaw interfaces were examined for fi-
bers which were not pulled out during the tlexure test,
but broke inte two separate picces, each of which re-
matned mbedded in the concrete. These fibers were
sard to have lost therr tensile-Joad-carrying capacity Jdue
to corrosion, since a noncorroded fiber of the ype
used would invanably be pulled out ot the concrete
matrix before undergomg a tensile failure. A relanon-
ship between time ol exposure and percent Jows of
fibers was obtained foi the preflawed specimens. Fhe
crack mterfaces of the twled unflawed flexural spect
mens were examined for evidence of any fiber corro-
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sion. The chloride permeability evaluation consisted of
comducting chloride content testsl! on powdered con-
crete samples obtained at various depths from the sur-
face. Chloride content vs. depth curves were compared
for specimens with various exposure times.

Results

The corrosive environment had an average oxygen
content of 6.9 ppm (parts per million), an average pH
of 9.1, and an average temperature of 73°F (23°C). Ta-
ble § shows the properties of each mix.

The effect of the corrosive environment on three pre-
flawed specimens is illustrated in Figures 25 through
29, Figures 25 through 27 show failed specimens tested
after zero, 25, and 55 wet-dry cycles. Figure 28 is a
plot of exposure time vs. percent fiber failure due to
corrosion. This plot shows that over 90 percent of the
fibers in the flaw failed due to corrosion after 40 days
of wet-dry saltwater exposure, The rate of fiber failure
was almost linear with increasing time, up to about 32
cycles. Beyond this time, the relationship became some-
what asymptotic to the 100th percentile limit.

Figure 29 shows the relationship between exposure
time and flexural strength of the preflawed specimens,
This curve is comparable to that of Figure 28, in that it
is first linear and then becomes asymptotic to some
limiting value, This finding is in keeping with theory,
for as more and more fibers are overcome by corrosion,
the strength dictated by ultimate load should approach
the flexural strength supplied by the upper half of the
preflawed cross section.

Figure 30 shows the effect of corrosion on the un-
flawed specimens. The flexural strength of the unflawed
specimens continued to increase with increasing expo-
sure times. It appears that the wet-dry saltwater envir-
onment allowed the concrete to continue to gain

11H, A. Berman, “Determination of Chloride in Hardened
Portland Cement Parts, Mortars, and Concrete,” ASTM Journa!
of Materials, Vol 7, No. 3 (September 1972), pp 330-335.

Table §
Mix Properties of Flawed and Unflawed Specimens

Compressive
Unit Weight, Strength,
Slump, Air Content, 1b/cu ft Ib/sq in.

Mix in. (cm) % (kg/m3) (N/em?2)

Unflawed 35 4.5 146.4 9324
(8.9) (2345) (6429)

Flawed 3.75 54 144.0 7873
(9.5) (2307 (5428)

strength due to extended curing. Examination of the
fracture surfaces of tested unflawed exposure specimens
revealed no signs of corrosion of internal fibers. Figure
31 shows an uncorroded steel fiber located approxi-
mately 0.005 in. (0.13 mm) from the edge of the crack
face of a specimen which had been tested after expo-
sure to 90 wet-dry cycles.

Figure 32 shows the results of the chloride permea-
bility evaluation of the unflawed specimens. This curve
shows the chloride concentration vs. depth relationship
for specimens exposed for zero, 10, 30, and 90 wet-dry
cycles, These curves indicate that the majority of the
chloride permeation occurred in the first 30 cycles of
exposure. After 90 cycles of exposure, little or no
chloride was found at depths greater than 1in, (25 mm)
from the exposed concrete surface.

Discussion of Results

The results of this investigation indicate that after
40 applications of a wet-dry saltwater environment, 90
percent of the steel fibers which bridge a larger than
haitline crack will undergo sufficient corrosion so that
they will be of little or no benefit in maintaining inte-
grity of the crack which they bridge. In contrast, con-
inued hydration will cause uncracked steel fibrous con-
crete to experience a continual flexural strength in-
crease during exposure to 90 applications of a wet-dry
saltwater environment.
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PERCENT FIBER FARLURE DURING FLEXURAL TEST
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Figure 28. Loss of fiber integrity during flexural test for preflawed specimens of various degrees of exposure.
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Figure 29. Loss of flexural strength of preflawed specimens at vanious degrees of exposure.
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Figure 30. Strength development of unflewed spccimens due to moist corrosive environment.
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5 EFFECT OF CORROSWE FNVlRON c?a;;’éﬁﬁld facilitate- the é;iu; of corrosive substances,
MENT ON FATIGUE PERFORMANGE - it-appears-thiai-the watkifig:of a cracked or uncracked
OF STEEL FIBROUS CONCRETE material could-be-an important factor in its corrosion

béhavior.. T hus, the- objccuve of-the study described in
this chapter is-to determine the effect of fatigue on the
Introduction - - _corrotion behavior of steel fibrous concrete,
The investigations 1eported in Chapters 2 and-3 in.
dicated that uncracked steel fibrous concreté is not ad- Procedure
versely affected by a corrosive environment and that The corrosion-fatigue b sor of steel fibrous con-
crack widths typical of steel fibrous concrete at or near crete was studied vsing the concept of g semi-infinite
ultimate flexural stress are not of sufficient size to ren-  beam on an elastic-foundation. This nietiiod not eply
der bridging fibers unprotected against available corro- approximates the conditions uinier which fibrous con-

sive environments, These investigations have at least crete is expected to perforin {e.g.. pavements or build. -

one limitation, however, in that their determinations ing foundations), but it is also readily adaptable to the
apply to the behavior of unstressed fibrous concrete, In introduction uf a corresive environment. The method
most applications, fibrous concrete is expected to un- was also expecied to provide conditions under which
dergo continual stress and stress fluctuations. For ex- the posi-cracking stage of fibrous concrete could be
ample, fibrous concrete used as a pavement is expected more thorotighly examined. The test apparatus consis-

to resist prolonged fatigue loadings. ted of a rubber pad and an clectronically controlled hy-

drsulic.getuator focated In a structural frane. os shown

Corrosion is expected to have an eifect on the 13- in Figure 33 The rubber pail was ased 16 snmlate an

tigue behavior of fibrous congreie. particularly in the elastic foundation, and the hvdraoiic astuator was used
post-cracking stage. Since the opening and closing of 3 to exert fatigue Joadings,
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Figure 33. Beamon elasnc foundauon without corrosive
environment.

The semi-infinite beams were made of 1.5 percent
steel fibrous cuncrete and had 6 in. by 6 in. (152 mm
X 152 mm) cross sections. The length of the beams
was chosen such that the ratio of the end deflection to
the center deflection was small. The minimum beam
length for this condition to exist was determined from
Eq 2.12

ey Y
bko 1/4 Eq 2]
)

where L. = beam length

b = heam width

125, P Den Hartog. Adianced Strength of Meterals 1Mo-
Graw-thll Book Co., 19521, and M. Hetenyy, Beams o Elas-
tic Foundation, (University of Michizan Press, 19469,

ko = modulus of elasticity of the foundation
E =modulus of elasticity of the beam
I =moment of inertia of the beam,

The modulus of the rubber pad was to be 200 Ib/cu
in. (54 Nfcm3): that is, a 200 Ib/sq in. (138 N/cm3)
pressure will produce a deflection of 1 in. (254 mm).
This is a fairly average value for a soil plus base materi-
al arrangement. A 6-in. (152 mm) thick, type 70 SBR
rubber pad was chosen for the elastic foundation in ac-
cordance with the selected modulus.

~ The modulus of elasticity of the 1.5 percent steel fi-
bfous concrete was expected to be 4.5 X 106 1b/sq in.
(3.1 X 1010 N/m2).13

A minimum beam length of 9.34 ft (2.85 m) was de-
termined using the appropriate values in Eq 2. A 12 ft
X 12in. X 6 in. (3.7 m X 305 mm X 152 mm) rubber
pad was obtained; the foundatio~ modulus of this pad
fora 9 ft X 6 in. (2.7 m % 152 mm) rectangular con-
tact arca was experimentally determined to be 331 lb/
cu in. (90 Nfem3). Based on this figure, the minimum
beam length was recalculated to be 8.24 ft (2.5 m). It
was thus decided that 9 ft (2.7 m) would beé a suf-
ficiently long semi-infinite beam length for small end
deflections.

A total of two semi-infinite and seven short 21 in.
X 6in. X 6in. (533 mm X 152 mm X 152 mm) beams
were fabricated ajnng with two 6in. X 12in. (152 mm
X 305 mm) standasd compression cylinders. Table 3
gives the mix design. All specimens were moist cured.
After 28 days of moist curing at standard conditiuns,
two short beams and the two compression cylinders
were removed for strength deteyminations. The remain-
ing specimens were moist cured in excess of 60 days.

Upon removal from the curing room, the remaining
specimens were divided into two groups., The first
group, which contained one semi-infinite beam and
two short companion beams, was used to evaluate the
fatigue behavior without a corrosive environment. The
second group, which included one semi-infinite beam
and three short companicn specimens, was used to
evaluate the fatigue behavior in a corrosive environ-

13G; R, Williamson, Compression Charactezistics and Strue-
tural Beam Desien Analy sis of Steel Fiber Reinforced Conerete,
fechnicai Repott M-62: ADT71908 «CERL, Decem wer 1973).




ment. The companion specimens were used to deter-
mine the stress-strain characteristics of that particular
beam group prior to the start of fatigue or corrosion.
fatigue exposure of the semi-infinite beam.

Strain gages were affixed at midspan to both sides
of each semi-infinite beam near the top, middle, and
bottom of the beam cross section. At least one of the
companjon specimens of each group was similarly
cquipped. The remaining companion specimens were
equipped with strain gages at the bottom only. The
stress-strain relationship of the companion specimens
was determined by static third point flexural testing ac-
cording to ASTM C39.72. The yield strain at the bot.
tom set of strain gages was noted in each case, This
puint was taken as the first deviation from linearity of
the stresssstrain curve. Sixty-five percent of the yield
stress was used as the maximum peak cyclic load, since
a previous investigation!4 showed that failure would
occur between 5,000 and 10,000 cycles for a 2 percent
steel fibrous concrete with 0.017 in. (0.43 mm) diame-
ter fibers. The minimum load applied was maintained
at 100 lb (445 N) to prevent disengagement of the
loading shoe from the beam loading point.

The strain corresponding to 65 percent of yield
stress was obtained from stress-strain curves of the
companion specimens, A concentrated cyclic load was
applied to the semi-infinite beam at midspan until this
strain level was obtained. This load was used as the
peak cyclic load in the fatigue test.

The semi-infinite beams were subjected to fatigue
loadings until cither a crack occurred or 2 X 106 cycles
were experienced. The fatigue loading rate was about 7
cycles per second in the noncorrosive condition. The
cyclic rate was decreased for the corrosive condition,
since corrosion is time-dependent. A cyclic rate of 2.1
cycles per second was used, since 2 X 106 cycles (a
commonly accepted fatigue fimit for concrete) would
bu reached at about 30 wet-dry cycles of corrosive en-
viromment, It was determined earlier (Figure 32) that
at 30 wet-dry cycles, the majority of chloride permea-
tion oceurs, thus indicating the majority of corrosive
solution permeation and subsequent attack.

if a crack occurred before 2 X 106 cycles, the beam
was subjected to continued fatigue loadings at the same

1€, Ball, The Fatigue Behavior of Steel-Fiber-Reinforced
Concrete, Master’s Thesis (Clatkson College of Technology,
October 1967),
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cyclic load level while maximum crack width growth
was perindically monitered. If a crack did not oceur
before 2 X 106 cycles, the stress level was mcreased to
100 perceat of yield. Cyclic loading was continued at
this level while the crack width growth at the bottom
of the beam was monitored, The crack width was mea-
sured with the peak cyclic load applied using  calibra-
ted illuminated surfsce microscope,

For the corrosion-fatigue evaluation, the corrosive
environment consisted of a flowing aerated recirculat.
ing wet-dry 3.5 percent sodiim chloride agueous solu-
tion. The solution, which was pumped over the surface
of the semi-infinite b2am, was contained by a 1/8-in.
(3 mm) thick rubber sheet which enveloped the bot-
tom and sides of the rubber pad. The solution was al-
lowed to drain into a 100-gal (0.4 m3) reservogr* from
which it was pumped (Figure 34). Water was added to
the reservoir at a rate of 1.3 gal (5000 cm3) per day
order to account for losses due to evaporation and thus
maintain the propér sodium chloride concentration.
The chloride concentration, pH, oxygen concentration,
and temperature were periodically monitored: The wet-
dry exposure consisted of 8 hours wet and 16 hours
dry every operational day.

The fatigue behavior of the semi-infinite beam in
the first group was compared to thé corrosion-fatigue

Figure 34. Beam on clastic foundation with corrosive
environment.




behavior of the semi-infinite beam in the second group.
The parameters considered to be important were cycles
to first crack, crack width growth after the first crack
had occurred, and condition of the beam at 2 X 106
cycles,

Results

The concrete used to fabricate specimens had a
slump of 5.75 in. (146 mm), s unit weight of 143 lb/cu
ft (2291 kg/m3), and an air content of 5 percent. The
28.day strength of the specimens was $836 ib/sq in.
(4024 Nfcm?} compression and 1143 ib/sq in, (788 N/
¢m2) gltimate flexural strength.

At the start of the fatigue exposure of the first semi-
infinite beam, the ultimate flexural strength had in-
creased to 1407 Ib/sq in. (970 Nfcm2). The first crack
strength at that time was 781 Ib/sq in. (538 Nfem2).
The first crack strain was 0.000165 in./in. (.000 165
mm/mm) at the bottom strain gage. A load of 30001b
{13 349 N) was required to produce 65 percent of first
crack strain at the bottom sirain gage of the semi-infin-
ite beam on elastic foundation of the first group, This
beam was subjected to 2 X 106 load cycles at 65 per-
cent of first crack strain with no evidence of cracking.
A load of 4500 1b (20 024 N) was required to produce
100 percent of first crack strain, The first crack was in-
directly observed by the yielding of one of the strain
gages near the bottom of the semi-infinite beam, Fa-
tigue loadings were continued at the new peak cyclic
load while the crack was located and monitored. Figure
35 shows the resulting maximum crack width vs, cycles
refationship for the noncorrosive specimen, Fatigue
loadings were discontinued at 2,552,840 cycles, since
maximum crack opening measurements did not change
between consecutive readings.

At the start of the corrosion-fatigue exposure of the
second semi-infinite beam, the ultimate flexural strength
was 1263 Ib/sqin. (870 Nfcm?2). The first crack strength
was 764 Ib/sq in. (527 Nfem?2), and the first crack
strain was 0.000123 in.fin. (000 125 mm/mm), A load
of 3300 Ib (14 684 N) was reguired to produce 65 per-
cemt of fust erack strain in the semi-infinite beam on e.
fastic foundation. The semi-intinite beam on elastic
foundation withstood 2 X 106 ¢ycles of loading at 65
percent of first crack stzin while being exposed to a
total of 33 wet-dey cycles of the 3.5 percent sodium
chiloride environment. The corrosive sofution had an
average oxygen content of 6.8 ppm, an average pH of
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8, 9, and an average temperature of 73°F (23°C}. Dur-
ing this exposure, no evidence of cracking or other
type of structural deterioraticn was found.

After 2 X 106 load cycles, 2 4800 Ib (21 359 N)
load was required to produce 100 percent of first crack
strain at the bottom gages. Load cycles were continued
at this load level. A crack was imiediately identified
by the pumping of corrosive solution up from the bot-
tom of the beam and out the sides of the crack. This
pumping was caused by the opening and closing of the
crack and capillary action, The crack width growth rate
was very rapid compared to that of the semi-infinite
beam not exposed to the corrosive environment. This
crack width growth rate (Figure 36) was not consid-
ered to be a direct result of fiber corrosion; the crack
width grew so quickly that the corrosive environment
could not possibly have corroded the bridging fibers.

The loading characteristics of the beamn were reex-
amined to determine the possible source of this rpid
crack growth. Figure 37 shows a free body diagram of
the beam. The force which is affected by the introduc-
tion of the saltwater environment is f. the foundation
friction force. This force is most significant in affecting
the post-cracking life of the beam because cyclic elong-
ation is I 2e at the crack due to opening and closing of
the crack. This friction force holds the crack together.
The fubricating effects of the saltwater between the
beam and rubber pad greatly reduce this friction fosce,
It is expected that this phenomenon caused rapid crack
growth in the beam subjected to the: corrosive environ-
ment,

Discussion of Results

The results of this investigation indicated that the
corrosion behavior of uncracked 1.5 percent steel fi.
brous concrete appears to be unaffected by up to 2
X 106 fatigue loadings at 63 percent of first crack
stress. The fatigue imit of 1.5 percent steel fibrous
concrete used as a semi-infinite beam on an elastic foun-
dation is at Jeast 65 percent of first crack stress.

Since fiber deterioration was not the mode of crack
growth, very little can be said about the post-cracking
corrosion-fatigue  behavior of steel fibrous concrete.
The test apparatus used in this investigation was inade-
quate for evaluating the cortosion-fatigue behavior of
cracked specimens due largely to the change m friction
between the specimen and the elastic foundation caused
by the wet corrosive environment.
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where

p = the applied load

W = the compressive load per unit length ex-
erted by the clastic foundation on the
beam due to p and the beam weight

f = the horizontal friction forces exerted by
the elastic foundation on the beam. Strain
in the beam is imposed on the founda-
tion by the friction between them, The
magnitude of the force required to over-
come friction is given by f,, = f,W where
fu is the coefficient of friction between
the two interfaces,

Figure 37. Free body diagram of the semi-infinite beam on an elastic foundatir-.

6 concLUsIONS

Results of the investigations included in this report
led 1o the following conclusions:

1. Interior steel fibers in good quality. air-cutrained
uncracked concrete do not corrode when exposed to a
seawater environment for up to 1.5 years. Corrosion
of fibers on or near the surface does oceur, as evidenced
by tie brown surface staining seen in this study. This
goud quality fibrous concrete does not expericnce any
undesirable strength changes in ascawater environment.

2. The strength of fibrous concrete containing cith-
er Kevlar or Fiberglas fibers is not significantly affected
by a scawater environment.

3, Unworking hairline cracks which accamipany at-
tainment of ultimate strength in 1.5 perceny steel fi-
brous concrete are not farge enough ia g~~e the huir-
line-crack-bridging fibers unprotected agmane vy, W

3

L* 0

environments. The protective quality of interlocking
crack interfaces appears to diminish at crack widths of
greater than 0,00 in, (0.25 mm). When cracks of this
size occur in 1.5 percent stee} fibrous concrete, the
ultimate flexurel strength is expected to have already
occurred: the remaining residual strength is approxi-
mately 58 percent of ultimate. As a result, crachs other
than hairline in steel fibrous concrete should be sealed
with a good quality joint sealer to mamntam the integn-
ty of the fibers.

4. Steel fibers bridging a crack ana existing near the
center of the crach face are less vulnerable to corrosion
than bridging fibers near the edge of the crack face,

5, Corrosion failure of 90 percent of steel fibers
bridging cracks larger than 0.01 in. (0.23 mm) 1s expec-
ted to occur after 40 applications of a wet-dry saltwa.
1es envirenment,

0. Continued hydiation will couse uncracked steel
fibrous conerete exposed 1o 90 appheations of a wet-




dry saltwater environment to experience a continual
flexural strength increase.

7. The corrosion behavior of uncracked 1.5 percent
steel fibrous concrete is unaffected by up to 2 X 106
fatigue loadings at 65 percent of first crack stress.

8. The fatigue behavior of uncracked, good quality,
air-entrained steel fibrous concrete at 65 percent of the
first crack stress level is unaffected by exposure to a
saltwater environment,
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